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Abstract 
This paper proposes a dual-band power divider operating at GHz frequencies and 
implemented by means of impedance transformers (also called inverters) based on 
lattice networks and transmission line sections. The dual-band functionality of the 
proposed device is achieved thanks to the composite right/left handed (CRLH) behavior 
of the impedance transformers, able to provide 90o and +90o phase shift at the first and 
second design frequencies, respectively, of the divider. By using such combination of 
transmission line sections and lattice networks, the characteristic impedance of the 
impedance transformers is roughly constant over wide bandwidths, with the results of 
broad operating bands. To demonstrate the possibilities of the approach, a prototype 
device is designed, fabricated and characterized. 
Keywords: metamaterials; lattice network; CRLH transmission line; power 
divider; 
1. Introduction 
The implementation of microwave devices able to exhibit their functionality at several 
frequencies has been a subject of an intensive research in recent years. One of the 
approaches for the implementation of dual-band, tri-band and (even) quad-band 
components uses artificial lines based on metamaterial concepts, also known as 
metamaterial transmission lines [1-3]. Such lines are transmission lines loaded with 
reactive elements, that is, inductors, capacitors, resonators, or a combination of them. 
Thanks to the presence of these reactive elements the lines exhibit enhanced design 
flexibility, and microwave devices with superior performance or with novel 
functionalities can be implemented by means of such artificial lines. Multiband 
components are examples of these new functional microwave devices. Typically, the 
multiband microwave components based on metamaterial transmission lines are 
composed of multiband impedance transformers, namely, transmission lines exhibiting 
90o phase shift at the design frequencies [4,5]. The key aspect to achieve such 
multiband functionality is the possibility to tailor the dispersion diagram of the 
considered artificial lines. Such controllability is not possible in ordinary lines. Indeed, 
metamaterial transmission lines have opened the path to the design of microwave 
components on the basis of impedance and dispersion engineering. By loading the lines 
with reactive elements, the dispersion diagram and the characteristic impedance of the 
lines can be adjusted, so that certain specifications not easily achievable with 
conventional lines can be satisfied with metamaterial transmission lines. The simplest 
realistic artificial lines based on metamaterial concepts are the so-called composite 
right/left handed (CRLH) lines [6]. These lines can be implemented by loading a host 
line with series capacitors and shunt inductors (CL-loaded approach) [7-9], or by 
loading a host line with resonant elements, such as split ring resonators (SRRs) [10] or 
complementary split ring resonators (CSRRs) [11], and other reactive elements (shunt 
inductors or series capacitors). The latter approach has been designated as the resonant 
type approach [12-14].  
Let us now focus the attention on the CL-loaded approach. The equivalent T-circuit 
model of the unit cell of these lines is depicted in Fig. 1. The dispersion diagram and the 
Bloch impedance (or ratio between voltage and current for the Bloch waves considering 
a periodic structure composed of such cells) of this structure can be inferred from the 
circuit model according to [15] 
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where Zs and Zp are the impedances of the series and shunt branch, respectively, of the 
T-circuit,  is the phase constant and l the unit cell length. If only one cell or few cells 
are considered, then expression (2) is identified with the image impedance, but both the 
Bloch and the image impedance are the equivalent of the characteristic impedance in 
ordinary lines. The resulting dispersion diagram exhibits a region (at low frequencies) 
where the phase and group velocities are antiparallel (left handed band), and a region (at 
higher frequencies) where both velocities have the same sign (right handed band). 
Hence these lines exhibit a CRLH behavior. In the left handed band, wave propagation 
is backward, whereas in the right handed band wave propagation is forward (i.e., as in 
ordinary lines). Typically, a band gap appears between the backward and forward 
transmission bands, unless the line is balanced. The balanced condition is achieved 
when the series and shunt resonance frequencies are identical [2], namely 
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In this case, the transition between the left handed and the right handed band is 
continuous, the phase velocity is infinite at the transition frequency, and the group 
velocity exhibits a finite value at that frequency. CRLH transmission lines described by 
the model of Fig. 1 exhibit a bandpass behavior. Interestingly, it is possible to design 
the line in order to exhibit the same absolute value of phase shift at two different 
frequencies (f1 and f2), with the same values of the characteristic impedance. 
Considering that a single unit cell is used (in order to reduce dimensions), the conditions 
to univocally determine the four reactive elements of the circuit of Fig. 1, for an 
impedance transformer, are: 
As Z)( 1                                                       (4.a) 
Ap Z)( 1                                                       (4.b) 
As Z)( 2                                                       (4.c) 
Ap Z)( 2                                                      (4.d) 
where Zs = js, Zp = jp, 1 = 2f1, 2 = 2f2, ZA is the required characteristic impedance 
of the transformer (a real quantity) at the design frequencies, and the phase of the 
transformer is 90o at f1 and +90o at f2. Fig. 2 depicts the dispersion and characteristic 
impedance of the transformer with ZA = 70.71 at f1= 1GHz and f2 = 2GHz. 
 
 
 
Fig. 1.Equivalent T-circuit model of the unit cell of a canonical CRLH transmission line. 
 
Fig. 2.Dispersion diagram (a) and characteristic impedance (b) of a dual-band impedance transformer 
with ZA= 70.71, implemented by means of the circuit of Fig. 1. The operating frequencies are f1 = 1GHz 
and f2 = 2GHz. The element values that result by solving (4) are: LL = 5.62nH, LR=22.5 nH, CL = 0.56pF, 
CR= 2.25pF. 
 
Many dual-band components have been implemented following this strategy [5,16], and 
by increasing the number of reactive elements, quad-band components have also been 
reported (such components are based on the so-called extended, or generalized, CRLH 
transmission line concept [17-19], and several prototypes are reported in [20-22]). An 
important difference between CRLH lines and ordinary lines is the frequency 
dependence of the characteristic impedance. Whereas it is constant in conventional 
lines, it strongly depends on frequency in CRLH transmission lines. Note however that 
it is scarcely dependent on frequency in the vicinity of the transition frequency in 
balanced lines [2]. For this reason, many devices have been designed with multi-cell 
balanced structures, each one exhibiting a small phase shift at the required frequencies. 
Typically, the first (left handed) band in CRLH lines is narrow and the characteristic 
impedance in the vicinity of the frequency where the phase shift is 90o varies 
substantially with frequency. The result, when these lines are used for the 
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implementation of dual-band devices based on impedance transformers, is a narrow 
band at the first operating frequency [5,16]. 
In this paper, dual-band impedance transformers are implemented following a different 
approach: the use of lattice networks combined with transmission line sections. Through 
a proper design, these artificial lines can be designed to exhibit a CRLH behavior with a 
nearly frequency independent characteristic impedance. As will be shown, the designed 
dual-band device (a power divider) exhibits two operating bands with impedance 
matching over broad bandwidths, as compared to other reported dual-band components. 
2. Lattice networks exhibiting CRLH behavior: theory and state of the art 
The CRLH and the generalized CRLH transmission lines mentioned in the previous 
section support wave propagation in a limited frequency band. All-pass structures 
exhibiting left handed, right handed or CRLH wave transmission can be implemented 
by using the so-called lattice networks [23]. Indeed, all-pass CRLH transmission lines 
with arbitrary order can potentially be synthesized with these lattice network structures 
[24]. However, the practical implementation of these lattice (or X-type) networks is not 
straightforward, as will be later discussed. 
Let us now consider an X-type unit cell like the one shown in Fig. 3(a), i.e., a lattice 
network, with impedance Zs in the series branches and Zp in the cross diagonal arms. By 
calculating the elements of the impedance matrix, this two-port network can be 
transformed to its equivalent T-circuit model, depicted in Fig. 3(b). Using (1) and (2), 
the phase constant and characteristic impedance of the generalized lattice network of 
Fig. 3(a) are given by: 
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Fig. 3.Lattice-network unit cell (a) and its equivalent T-circuit model (b). 
Let us now consider that the element of the series and cross branches is an inductor (Zs = 
jLR) and a capacitor (Zp= j/CR), respectively (Fig. 4a). Evaluation of (5) and (6) 
gives: 
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Inspection of (7) and (8) reveals that the network of Fig. 4(a) is an all-pass structure (the 
characteristic impedance is real and frequency independent, like the one of an ordinary 
transmission line), and that wave propagation is forward from DC up to (theoretically) 
unlimited frequencies (the dispersion diagram is also depicted in Fig. 4a). If the inductor 
and capacitor are interchanged (Fig. 4b), the characteristic impedance is also constant 
and given by (8), whereas the phase constant is found to be:  
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and wave propagation is backward in the whole electromagnetic spectrum (see the 
dispersion diagram depicted in Fig. 4b). If the phase shift is small enough, the networks 
of Fig. 4(a) and (b) mimic a conventional line and a purely left-handed line, 
respectively. 
By adequately choosing the reactive elements of the series and cross arms of the X-
network, all-pass CRLH structures of arbitrary order can be obtained [24]. For instance, 
Figs. 4 (c) and (d) show the lattice networks corresponding to order-2 all-pass CRLH 
and dual-CRLH lines, respectively. To obtain all-pass structures, it is necessary that the 
zeros and poles of the reactance of the series branch coincide with the zeros and poles of 
the susceptance of the cross branch. For the specific case of order-2 lattice networks, the 
condition is similar to the balance condition for T- or -type CRLH transmission lines: 
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where Ls, Cs and Lp, Cp are the reactive elements of the series branch and cross branch, 
respectively, and o is the transition frequency. For the network of Fig. 4(c), expression 
(5), subjected to (10), rewrites as: 
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whereas the dispersion relation for the network of Fig. 4(d) is: 
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The dispersion curves are also depicted in Figs. 4(c) and (d). In both cases, the 
characteristic impedance is given by (8), with L = Ls and C = Cp. 
                                           
                                            
                           
                            
Fig. 4.Examples of lattice networks and their corresponding dispersion curves. (a) order-1 right handed; 
(b) order-1 left handed; (c) order-2 CRLH; (d) order-2 dual CRLH. 
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From a practical viewpoint, the physical implementation of the order-2 lattice networks 
of Figs. 4(c) and (d) is not straightforward. An alternative to implement all pass order-2 
CRLH lines is to combine purely left handed and purely right handed X-type cells, as 
depicted in Fig. 5(a). In this case, the following condition must be satisfied: 
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which gives the characteristic impedance of the whole all-pass network. The transition 
frequency is given by that frequency satisfying: 
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In particular, if LRCR=LLCL (which, according to 13, means that LR = LL and CR = CL), 
the transition frequency can also be expressed as: 
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corresponding to the frequency where the purely left handed cell and the right handed 
cell experience a phase shift of l = 90o and l = +90o, respectively (thus providing an 
overall phase shift of l = 0o). Fig. 5(b) shows the dispersion diagram corresponding to 
the structure of Fig. 5(a) for the indicated element values. 
       
Fig. 5. CRLH artificial transmission line unit cell consisting of two cascaded order-1 X-type right handed 
and left handed cells (a), and dispersion diagram (b). Elements are: CL = CR = 1.061 pF and LL = LR = 
2.652 nH (fo = 3GHz, and it is indicated by a bold circle in b). 
It is worth mentioning that, in spite that the networks of Figs. 4(c) and 5(a) exhibit 
similar dispersion curves; there is not an element transformation that makes them 
equivalent. Notice that the dispersion relation (with the frequency variable in the x-axis) 
for the structure of Fig. 5(a) is a concave function at all frequencies. However, for the 
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order-2 CRLH X-type cell of Fig. 4(c), the dispersion relation is convex for frequencies 
below o, and concave above that frequency (i.e., there is an inflexion point at o). 
Although the synthesis of a cascaded order-1 left handed and right handed X-type cells 
is simpler than an order-2 CRLH lattice network, the former structure may present 
certain limitations due to the curvature of its dispersion relation. For instance, it is not 
possible to implement dual-band components based on dual-band (90o) impedance 
inverters implemented with single unit cells (like the one depicted in Fig. 5a) with a 
ratio of operating frequencies smaller than 3. The reason is that, due to the curvature of 
the dispersion diagram (see Fig. 5b), the second operation frequency (indicated by a 
triangle in Fig. 5b) is always above the one indicated by a square, this one being the 
second operating frequency if the dispersion curve was a straight line (dashed line in 
Fig. 5b). Notice that this frequency is exactly three times the one indicated by a star (the 
first operating frequency). Hence the above statement is graphically demonstrated. 
The synthesis of CRLH all-pass artificial lines can be further simplified by cascading an 
X-type left handed unit cell with a transmission line section with identical characteristic 
impedance, as depicted in Fig. 6(a), or with a pair of transmission lines sections (at the 
input and output ports of the left handed X-type cell). A typical dispersion curve for the 
structure of Fig 6(a) is depicted in Fig. 6(b). In this case, due to the presence of a 
distributed element, the phase of the structure grows indefinitely. 
 
 
Fig. 6. CRLH artificial transmission line unit cell consisting of an order-1 X-type left handed cell 
cascaded to an ordinary transmission line section with phase constant k and characteristic impedance Zo. 
Concerning the implementation, X-type networks are differential structures with cross 
branches. Therefore, as mentioned above, their synthesis is not simple. CRLH artificial 
lines were implemented by Bongard et al. [25-27] by combining X-type left handed 
cells and transmission line sections. The structure reported in [27] utilizes paired strips 
technology with two additional metal levels to implement the series capacitances of the 
left handed X-type cells, and via holes to implement the cross inductances. The 
structure, designed to exhibit a transition frequency at fo=6GHz, exhibits very broad 
bands at both sides of fo.  
Using the unit cell structure of Fig. 6(a), a broad-band (matched from DC to millimeter 
waves) silicon-integrated CRLH transmission line using a monolayer CPW host line 
was proposed in [28]. The measurements carried out in [28] demonstrate a balanced 
CRLH behavior from 5GHz up to 35 GHz, with a transition frequency at fo = 20 GHz. 
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The interesting aspect of the structure of [28] is that it is implemented using a single 
metal layer. Since the series capacitances must be implemented in both conductors of 
the transmission line, the ground conductors of the host CPW must be of finite width. 
The required capacitances were realized by interdigital capacitors, whereas for the 
implementation of the crossed inductors, the solution proposed in [28] was to 
implement each of the inductances in a different slot of the CPW. Since the resulting 
structure is strongly asymmetrical, the excitation of the odd parasitic mode was 
prevented by the use of the bridges. Thus, the structure indeed uses two metal levels. 
Other X-type left handed, right handed and CRLH planar structures implemented by 
using two metal levels are reported in [29]. 
It is worth mentioning that from the equivalence between terminated coupled line 
sections and lattice networks [30], another approach for the physical implementation of 
lattice network based artificial CRLH lines was presented in [24]. The unit cell is based 
on the coupled-microstrip Schiffman section [31], which is an easily implementable 
structure that does not require the use of via-holes or air bridges, as opposed to the cells 
presented in [25-29]. Indeed, coupled-line sections were earlier used in [32,33] to obtain 
CLRH transmission lines, but with limited performance due to the different even- and 
odd-mode phase velocities of the coupled lines. This issue was satisfactorily solved in 
[24]. Thus, terminated coupled line sections offer a simple approach for the 
implementation of lattice network CRLH transmission lines. Obviously, this is a fully 
distributed approach that inherently increases line size as compared to lattice network 
CRLH lines based on lumped or semilumped (planar) elements.  
3. Dual-band power dividers based on left handed lattice networks and 
transmission line sections 
The dual-band power divider presented in this paper is implemented with a pair of dual-
band 70.71 impedance transformers based on the CRLH structure of Fig. 6, i.e., a 
combination of a purely left handed lattice network and a transmission line section. The 
schematic of this divider is depicted in Fig. 7. The impedance of the impedance 
transformers (ZA = 70.71) has been set to this value in order to achieve good input 
matching, considering reference impedances of Zo = 50 at the ports. At the design 
frequencies the phase shift of the impedance transformers is 90o, and hence the 
impedance seen at the input port of each transformers, given by [15] 
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is 100, and the impedance seen from port 1 is Zin= 50 at the design frequencies. 
 
 
Fig. 7.Schematic of the dual-band power divider. 
 
By choosing the operating frequencies as f1 = 1.7GHz and f2 = 5.4GHz, the conditions 
to implement the impedance transformers are: 
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whereTL() is the phase of the transmission line section, given by 
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vp and lTL being the phase velocity and length of the transmission line section, 
respectively. 
Notice that equations (18)-(20) have three unknowns (LL, CL and lTL) that can be 
univocally determined. Solving (18)-(20) with the design frequencies given above, the 
unknowns are found to be: LL = 2.09nH, CL = 0.419pF, and lTL/vp= 19.18ps (obviously, 
the phase velocity depends on the effective dielectric constant of the considered line). 
For the implementation of the divider using the inferred CRLH impedance transformers, 
we have considered the topology depicted in Fig. 8. Basically, the series capacitances of 
the left-handed lattice network are implemented by means of metallic gaps, whereas the 
crossed inductances are implemented by means of narrows strips with vias (with 
0.15mm radius) in order to connect the upper metal with the lower metal. Transmission 
line sections with the required values (ZB=70.71 and lTL/2vp= 9.59 ps) are added at both 
sides of the X-type left handed unit cell to provide the needed phase shift. This 
transmission line sections are implemented by means of double sided parallel strip line 
(DSPSL) [34] with an offset equal to 0.66 mm (this gives the required impedance) and 
connected to the X-type left handed lattice network with tapered line sections, that have 
been optimized to achieve the required phase response (the tapper lines are necessary to 
connect the lines to the X-type network, which has the indicated shape in order to 
accommodate the inductive vias, and to provide the required capacitive values). 
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Fig.8. 3D view of the dual-band impedance inverter based on an X-type left handed lattice sandwiched 
between two transmission line sections (a), and top view with ports and relevant dimensions indicated 
(b). The lower metal is depicted in grey. Dimensions are: W = 6.6 mm, L = 8.4 mm, Wc = 2.6 mm, Lc = 
0.75 mm, Sc = 0.16 mm, lLT = 2.22 mm, LT = 1.13 mm, WTL = 1.43 mm, Ll = 1.2 mm and Ll2 = 0.95 mm. 
The width of the narrow strips is 0.16 mm. 
 
Fig. 9 depicts the dispersion diagram and Bloch impedance of the dual-band inverter of 
Fig. 8 inferred from the schematic of Fig. 6 (by considering the element values and 
transmission line parameters of the structure) and also from the electromagnetic 
response (obtained by means of the Agilent Momentum commercial software). The 
considered substrate is the Rogers RO3010 with dielectric constant r=10.2 and 
thickness h=1.27mm. As expected, the required phase shift at the operating frequencies 
is achieved. Since the structure in not perfectly balanced, a singularity is observed 
around the transition frequency (3.4GHz). This singularity appears also in the 
characteristic impedance, but it is nearly frequency independent in the vicinity of the 
operating frequencies. 
 
Fig. 9. Dispersion diagram (a) and characteristic impedance (b) of the dual-band impedance transformer, 
with ZA= 70.71, implemented by means of the topology of Fig. 8. 
The designed and fabricated dual-band power divider with final dimensions is depicted 
in Fig. 10. Notice that the 50  access line in port 1 is implemented by means of a 
double sided parallel strip line. 
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Fig. 10. Topology (a) and photograph, top (b) and bottom (c), of the fabricated dual band power divider. 
Dimensions are: W = 9.9 mm, L = 19.2 mm. 
The circuit simulation, electromagnetic simulation and measured insertion loss (S31 is 
very similar to S21 and is not depicted) and return loss (S11) are depicted in Fig.11. The 
agreement between circuit, electromagnetic simulation and measurement is reasonable. 
The measured insertion loss (notice that the ideal value is 3 dB) and return loss at the 
design frequencies are IL(f1) = 3.6 dB, RL(f1) = 21.3 dB, IL(f2) = 3.7 dB, and RL(f2) = 
20.7 dB. Device dimensions are 0.14g  0.28g, where g is the guided wavelength at 
f1. As it was mentioned before, this type of structures exhibits (ideally) frequency 
independent characteristic impedance, resulting in broader bandwidths, as compared to 
other CRLH based circuits. Indeed, the designed device exhibits a roughly constant 
simulated insertion loss and the matching level is better than 10dB in very broad 
frequency bands in the vicinity of the design frequencies. 
 
 
Fig. 11. Frequency response of the fabricated dual-band power divider designed to operate at f1=1.7GHz 
and f2=5.4GHz (b). S31 has not been included since this is similar to S21. 
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  4. Conclusion 
 
In this paper, the potentiality of lattice network unit cells for the implementation of 
enhanced bandwidth microwave components has been demonstrated. These all-pass 
networks can be designed to exhibit left handed, right handed or composite right/left 
handed (CRLH) behaviour. Specifically in this work, to ease design and synthesis, the 
authors have combined a left handed lattice unit cell with a pair of ordinary 
transmissions line sections in order to implement a dual-band impedance inverter with 
broad operating bandwidths. This inverter has been then used for the implementation of 
a dual-band T-junction power divider. Thanks to the nearly constant characteristic 
impedance of the inverters in the vicinity of the design frequencies, the divider has been 
found to exhibit good matching level and power splitting over wide bands. To the 
authors knowledge, this is the first dual-band power divider implemented by means of  
CRLH structures (impedance inverters) that combine X-type networks and transmission 
line sections. 
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